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An Intense Source of Positrons

Using a Low Energy Proton Beam

Paul J. Channell, AT-7, MS H829
Harry Dreicer, ADRE, MS A104
Los Alamos National Laboratory

Los Alamos, NM 87545

1 Introduction

An intense WI -e of positrons (say 1014e+ per second or more) would make
it possible to :onsider linear collider designs for the flavor factories (+ and
1?) now being p;oposed. Such designs might have the advantage of higher
luminosity th~n circular colliders and would also provide an arena for the
further development of linem colliders in preparation for the next generation
of TeV linear colliders, An intense source of positrons would a!so make it
possible to be more flexible in the design of the next generation of TeV linear
colliders,

The two conventional sources of positrons now used arc electron-beam
electroproduction of positrons and reactor-produced P+ -unstable isotopes.
Electroproduction sources can be fairly efficient (one c+ per 30-CeV electron
used), but suffer from the disadvantages of high capital cost (a multi-CcV
electron accelerator) and destruction of the target at higner fluxes. Reactor
sources arc much more inefficient and have much higher capital costs than
clectroproduction sourcos, but might tnake sense if a reactor already exifits
at an appropriate site and is principally used for other purposes.

In this paper wc will show that it shou]{! be possibk’ to produc.o large
fluxes of positrons using intense proton beams ( 100 mA CW’) of modest
mtvrgy (() – 10 Mt~V), Thu h.iic idea is to usc protons from an accrlcrator
ri~thcr than nmt rons frwu a reactor to product? ~+. unstable isotoiws by t I](’
proton capturo reaction. HWMIW the targets of a proton beam can bo han -
dlml moro mmvcnicntly and n~uch nmr~ quickly than insvrt.ions in rwwtorw,
w~ ml ablo to considor x larger rangp of possible targets with shortur dway
times than is rmsonaldo t’or ,. rwwi,ot, Ilocausc an acrclvrator bctim is I)rttw



defined and more easily controlled than neutrons in a reactor, the efficiency
of conversion of beam energy into positrons can be much larger than in a re-
actor. Because the ~+-unstable isotopes from the target of the proton beam
can be quickly transferred into a magnetic trap, after various combinations
of chemical and mechanical separation of the @+-unstable isotopes from the
majority target species (in less than a decay time), positron annihilation can
be Iargely avoided and the efficiency of useful positron production can be as
high as that of the electroproduction sources.

In the next section, we will discuss the proton beam production of /3+-
unstable isotopes and show that one can produce as many as 1014e+ per
second using 100-mA CW proton beams with energies of 6-10 MeV, There
are a number of possible targets, all with cross sections large enough that
approximately one in 103 protons will be converted into @+-unstable is~
topes. Of course, once the positrons are produced it is necessary to avoid
positron annihilation on background electrons and to capture the positrons
in a small enough region of phase space to be useful, i.e., small enough that
the positrons can be subsequently accelerated and cooled in a damping ring.
Because only a very smrdl fraction (S 1 in 108) of the target nuclei undergo
proton capture, it is essential to separate the /3+-unstable isotopes from the
majority target species in order to avoid annihilation. After various com-
binations of chemical and mechanical separation, the /3+-unstable isotopes
can be eiwily trapped in a magnetic bottle (e.g. a mirror, a cusp, etc. ) where
they decay into other nuclei and positrons, To produc~ ultracold positrons
one could consider long- time confinement and radiative cooling in a mag-
netic trap (possibly a mirror or a cusp with electrostatic confinement added),
although for large @ fluxes the resulting trap sizes are likely to be quite
large. In section 3, we will consider a more modest trap, a mirror, which can
be analyzed straightforwardly and which is good enough to provide radiativu
cooling of the multi. MeV positrons by a factor of about 4. The resulting
output beam from the mirror could be accelerated to about 5 MeV and
thm passed through a foil cooling array, with small attendant annihilation,
to produce a beam with a normn!ized cmittance of about 20c07r mm mrad,
i.e., low enough that it can then hP accrleratcd in a reuonablv linac to an

energy suitable for injection into a damping ring. Wo will discuss ttw foil
crmlillg in section 4, [n tlw final mction wc will summarize our results and
briefly discuss variations ono might con~idw.
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2 Targets and Beam Requirements

In order to produce /3+-unstable isotopes using proton beams we must have
a beam energy larger than the Coulomb barrier but smaller than the thresh-
old energy for neutron production. We have not made an exhaustive study
of all possible targets; however, b~ed on the requirements that proton cap-
ture yield a #+-unstable isotope, and that the target isotope be the most
abundant form of the element, we have identified five candidate targets; the
targets, the proton capture reactions, and the resulting decays are

p+28Sahs .o+7*2g Si+e~,

p +40 cl + 4’SC +7+ 41 Ca+ e+,

where the ~ in the intermediate state can stand for one or mor~~pro.,~pt
or decay gammas. For all of these reactions the (p, n), (p, a), (p, ‘i?n),etc.

chanr, els all have Q-values that are negative with magi, itudes at least several
MeV higher than the Coulomb barrier, The Coulomb barriers (i.e., the
minimum proton beam energy required), the decay lifetimes for the second
step, and the resulting positron energies for thes~ reactions are shown in
Table 1.

Table 1

~g:$”q::ggF:—-_—.-...__..,..___,_.........__..,_._,_______,-m___ ._:: __,_... .- . . . . ---------------------------

‘1’hvt,argotthjckllpss(yi arc limit.wi by the energy IOMof tho proton lwam.
F’ornonr{’lal.ivistir proton~ the rnrrgy low formula [1] iri kil)l)roxilll:tt(’ly



where E is the energy of the proton, n is the density of the target, Z is
the number of protons in the target nucleus, m is the electron mass, A4 is
the proton mass, and h < w > is an average excitation energy of the target
atoms. Let us define the loss distance to be

The computed loss distances for the proton beams (taking the energy to be
3 MeV over the Coulomb barrier) is given in Table 2.

Target —

3

Loss Distance (cm)
~1~ (100 atm) 0.9

M@ 0.056
Stzs 0.048
S32 0.061

Ca40 0.096 ‘—–

Table 2

The thickness of the target cannot be greater than the loss distances
given in t!lis table lest the proton beam energy fall significantly below the
Coulomb barrier. To estimate the efficiency of the conversion of protons to
positrons, we usc a target thickness equal to the proton loss distance and
i~~sume the capture cross section is a constant a = 350 mb. Of course, the
actual cross scct]cms are slightly different from this for each target and vary
as t}le protons slow down. The value we have ,assumed is typical of the cross
section above the Omlornb barrier. ‘1’hcactual cross section~ are ~on)~what
higher at the initial bvam energy and dccrcasc to slightly less than this value
as the beam Ioscs energy, The proton conversion i)robahility then turns out
to be about the sa.mc in all five c;uws and is about 8.4 x 10--4.

Notv that the tiirgct will Iw vaporized (if solid) by the bmm oncrgy
~!opositim, hut this is necvsriary in ~anyraw for sulmquerlt injoctlorl into ~
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B-factory. It would probably be possible to design a linear collider I?-factory
with a luminosity of 1,3 * 1034 cm-2sec-1 if we had a source of 7 * 1014
positrons per second [2]. If we assume that all the positrons produced can
be trapped, cooled, and extracted, then the above-calculated efficiency can
produce 7 * 1014 positrons per second if the proton beam has a CW current
of 130 mA. Using a more realktic overall capture and cooling efficiency of
40%, we see that we need about 325 mA of proton current for the very high
luminosity B-factory. Designs based on lower lumiriosity, of course, require
less proton current.

In order to avoid excess annihilation we must separate the ~+-unstable
isotopes from the untransmuted isotopes. Because the @+-unstable isotopes
are a different chemical species from the background target material, this
should be relatively easy. Consider, for example, the first reaction, transmut-
ing nitrogen to oxygen. It should be possible to devise chemical reactions,
possibly foilowed by mechanical transfer pumping, that will separate these
two with high efficiency in the time available. (about two minutes), For the
other reactions listed the chemical differences are not as great but could be
large enough to allow efficient separation techniques,

Of course, other, more exotic, separation techniques can be considered
if necessary. For example, because of the relatively iarge m~s differences in
the stable and unstabie isotopes (= 5% ), electromagnetic separation of the
isotopes should be fast and efticient. If it is necessary to achieve nearly 100%
separation, one might consider laser separation by selective ionization of the
unstable isotopes; this could be combined with injection into a magnetic
trap by ionizing tile unstable isotopes as they cross ~he magnetic bottle and
pumping the background un-ionized gas. This technique would, of course,
require some laser devciopment, but is probabiy unneccssiuy, as ordinary
chemical separation should achieve separation efficiencies greuterthara50Yo.

3 Traps

Once the /?+-unstable isotopes have been scpara’ed from the background
target nuclei, they can IN magnetically trapped, say by ionization of gas or
vapor in the region of the trap, whcm they decay and where the positrons
are “born” trapped [3], (Note that having the positrons created in the trap
is not a practical alternative for an el~ctrol)ro(lllctiorl source Imausc of tile
difficulty d’ injecting t!m dectron beam into the trap. ) It might be possible
to makv ii trap, pmfiibly a spind]c cusp with clcctrmtatic fields along the fiPld



lines at the field maxima, with very good confinement so that the positrons
radiatively cool to very low temperatures. However, such a trap would,
in all probability, be quite large and its confinement properties would be
untested and thus quite uncertain. In this paper we will consider, instead,
a conceptually simpler trap, a magnetic mirror.

Though we can not compute the output distributions from a trap as
complex as a cusp, it is straightforward to compute the expected output
from a magnetic mirror; as we will see, the performance of a simple mirror is
good enough that it should be considered a strong candidate for the posit~on
trap.

3.1 Positron lkapping

In this paper we will use the simplest possible model of a mirror, one in which
the particle confinement is determined only by the mirror ratio, i.e., the ratio
of maximum magnetic field along a field line to the minimum magnetic field
along the line. We will ignore electrostatic fields, though it should be kept
in mind that externally imposed electrostatic fields can probably be used to
trap positrons for very long times and thus achieve brighter positron beams.
We will ignore spatial structure, assuming that the motion aiong field lines
is fast enough that once a particle enters the loss cone it is immediately
lost, We have in mind a trap in which the bulk of the plasma is in the low-
field region and the end regions occupy only a relatively small vclume; the
positrons arc born from trapped isotopes mostly in the low field region with
an energy spectrum given by the Fermi distribution. With these awumptions
we can determine whether a particle is trapped or not simply by specifying
its position in velocity space,

Our first task is to find the adiabatic invariant for relativistic particles
that generalizes the nonrelativistic magnetic moment invariant. This can be
computed using the observation that the adiabatic invariant for a periodi-
cally oscillating particle is the action integral around the periodic orbit, i.e.,
the adiabatic invariant,, J, is

/

T

J= ~ ji.dq,

where 7’ is the period of the oscillation, We lot 17= ~mtil, whcrt; til denotes
the perpendicular component of velocity. The cxprmion for the pmiod, T,
of a particlo in a Iilagnctic field is
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T
27r~mc=—

eB ‘

where m is the particle mass, c is the velocity of light, e is the particle
charge, and B is the magnitude of the magnetic field. We can now compute
J and, multiplying by irrelevant constants to get the right nonrelativistic
limit, find that the relativistic magnetic moment is

~2m#L
P“=”

As the posjtrons move in the trap, their total energy and their mag-
netic moment are preserved on time scales short compared with a radiation
darnping time. Particles with a large enough magnetic moment can not pass
over the magnetic field maximum and are trapped. Particles with a small
magnetic moment are untrapped and are said to be in the loss cone; they
leave the trap almost immediately. In terms of the velocity space of bulk
particles, we can
can be expressed

compute the location of the loss
as

cone. The Hamiltonian

where ~ = U/c. In order for a particle in the bulk of the plasma to just reach
the magnetic field maximum with no parallel velocity, energy conservation
implies

where we have used magnetic moment conservation to write the same ~ on
both sides of this equation, I’iuiil this equality it is easy to see that a particle
will be in the loss cone if

where R s B,Mx /Btin is the mirier ratio. It is interesting to note that this
is the same rmult one gets for ncmrelativistic particles.

A positron “born” in the loss cone will leave the trap almost immediately;
a positron not in the loss cone will stay in the trap for some time. We will
count all positron$; horn in the los~ cone ns lost, bccrmse cvtm if they do
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enter the subsequent accelerating sections it is likely that their longitudinal
emittance is too large for them to be useful. Let as estimate the fraction of
positrons born in the loss cone. The fraction, F, of velocity space occupied
by the loss cone is just the total solid angle of the loss cone divided by 47r.
Using the fact that
l/J~, it is easy

and that this is well

As an example, for
trapped.

the tangent of the angle of the loss cone is fll/fil =

to see that this is just

rF=l– 1-;,

approximated by

a mirror ratio R = 4, 87% of the positrons will be

v,

v Positronbornin+........:,.;/.:.:.:.:...%.:.:+:.:..:.:.::::\:.y.:.:.:.:.:.,,.,,. .. lossconoradl-‘,’.”.’.’.’,::~.::::>
“w! ~; ~. atos trenworse:.+.::.:,:,/:;3;(;:j)y onwg~until It..:.:.;.:.:...:.:.:.:, hits th~10SS..:,:.:,..:j. cone.. .

Most of the positrons that are trapped will eventually become detrapped
either by Coulomb collisions on other positrons and background plasma or
by radiating their transverse energy away until they fall into the loss cone.
For the relatively energetic positrons in the trap, col]isional detrapping is
negligitdc. For example, a 0.5-MeV positron in a trap with a density of 1012
cm-3 will suffer a collision about every 535 seconds and will undergo about
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8 of these collisions before being scattered into the loss cone if the mirror
ratio is 4; in other words, collisions are rlegligible on the isotope decay time
scale. Thus we can conclude that most of the trapped positrons will be lost
after they radiate away their transverse energy and fall into the loss cone,
as depicted in Figure 1.

3.2 Radiative Cooling

To compute the confinement time of the positrons and their output distri-
butions we need to compute the effects of radiation. From reference [1], one
cau show tlat the radiated power, P, from a particle moving both parallel
and transverse to a magnetic field is given by

P=
2/3~~2e4B2

3m2$ “
Using this and the expression for /?4 in terms of flli and ~,we find that y
satisfies the equation

where

If we define a variable

(+q%
then it is straightforward to see that the solution of the equation is

~=~O+l+((~–l)e-~/T
(0+ 1- ((o - l)e-t/7 ‘

where (0 is the initial value of <, This solution shows that f decays to a
value of 1, which impties that ~ approaches l/&~, i.e., all the transverse

energy radiates away leaving only the longitudinal energy. Of course, before
all of the transverse energy is radiated the positron moves into the loss cone
and exits the trap.

We can also estimate the confinement time of a particle in the trap. Using
the exact solution to the energy equation leads to a complicated solution,
so we will approximate the time dependence of ~ by

9



in order to get a fairly simple answer. This function approximates the
exact solution fairly well for all times. With this time dependence, it is
straightforward to find that a particle will stay trapped for a time

~Jsing a mirror ratio of 4 and a maximum positron energy of 1.74 MeV, we
have ,:llmerically averaged the coefficient of r over the trapped part of the
Fermi distribution and found that the average confinement time is

< ttrap~ > R 3T.

Setting this time equal to the isotope decay time allows us to determine
the magnetic field. For example, for a 124-sec decay time we find that
the magnetic field required is about 3.5 k(l. A 1.74-MeV positron has a
gyroradius of 2 cm in such a field.

3.3 Output Distribution and Emittance

If we ignore collisions and the particles that are born in the loss cone, the
output distribution of the trap can be computed from the initial distribution
of positrons and the assumption that the positrcms radiate their transverse
energy until they hit the loss cone. ‘I’heoutput distribution is concentrated
along the loss cone in velocity space with a distribution in longitudinal
velocity given by the initi~ longitudinal velocity distribution of trapped
positrons.

The full initial distribution of positrons is just the Fermi distribution [4],
i.e., the distribution function, j(pn, in momentum is

10



where x is the isotope-dependent maximum positron ~ and where we have
ignored the normalization! constant. Converting from momenta, ~, to di-
mensionless velocities, ~, we find that the distribution function in velocjty
is

where

‘=*”
‘The distribution function for trapped particles is zero outside the region

Integrating in ~1 over the allowed region for trapped particles we find that
the distribution function in 1311,h(~ll), i$

where D is defined as

For a particle exiting with a given value of /311

16111
“ =m’

and the total 7 is

the transverse veloc;ty is

11
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The distribution function in parallel kinetic energy is shown in Figure 2. For
an initial maximum positron energy of 1.74 MeV, the energy of the positron
from oxygen decay, the average output energy of the trapped particles is 124
keV. We can estimate the output emittance by noting that all the exiting
particles have the same angle, 8 = tan-l (1/~~~), so that multiplying
by the trap radius, r:, tl,e normalized emittance, (n, is approximately

As an example, taking the ~ and ~ appropriate for 124 keV particles and
using R =4andrt=2- 4 cm, we find C. -6000 – 12000K mm mrad, i.e.,
about a factor of 4-8 icss than the emittancc produced without a trap.

3.4 ‘hap Limits

Though the trap parameters seem to be fairly practical, an average field
of N 3.5 kG, a peak field of N 14.0 kG, a radius of a few centimeters, we
still have not specified the trap length. Knowing the number of positrons
produced in an isotope decay time we know how many positrons have to be
contained in the trap. Ikcause we should minimize tho trap radius in order

to minimize tho output enlittancc, the radius is set by the gyroradius, Thus

the trap Icngth is determined when wc determine the maximum density that

the trap will hold. The maximum trap density allowed is set by two limits,
( 1) the annihilaticm ratr of the positrons in th[’ trap, and (2) plasma offvcts,

3.4.1 Annihilation

Iltwausr the positron annihilation rate depends on phwma drnsitj’, tho rc-
quircmcnt that the probability’ of annihilation be considembly 10ss than (JIIC

sets a limit on tho pl,ws]tla density in the trap. ‘1’hcannihilation rate, A,

12



is given in Heitler [5] and, assuming a uniform background of electrons, is
given by

where To is the classical radius of the electron, ne is the electron density, c
is the speed of light, and the rate is in sec- 1. Assuming a decay time of 124
sec and requiring that the probability of decay be less than one, we find that
the electron density must satisfy n. < 1012 cm-3. As an example, let us
assume a positron production rate of 1014 per second and a trap radius of 4
cm, and measure pl~~ma densities in units of 1012 cm-3, i.e., ne s fie * 1012
cm-3; we then find that the plasma length, L, is constrained by

L > ~ meters.
tie

Taking n, w 0.1 in order to have a 90% probability of survival gives a
trap !ength of * 25 met~rs for this particular isotope in this example. The
isotopes with shorter decay times will require, of course, smaller traps.

3.4.2 Plasma Eflects

In the trap, it is necessary that the magnetic field pressure be large enough to
confine the plasma; this capability is measured by the plasma beta, defined
as

where n is the plasma density, T is the plasma temperature, and B is the
magnetic field. In principle, there should be a sum over particle specivs
in this definition, but irl our case the high temperature of the positrons
will cause their pressure to dominate ail other species. The condition for
equilibrium to be possible is that BP < 1. Using the parameters of the
example, D = 3.5kG IiP = 1011cm-3, and taking the tetnpcrature, T = 0.87
M~V, i,e,, about haif the maximum positron energy, we find & s 0,29,
Thus, equilibrium should be possible, but care must be taken to irrsure
M11D stability for this hi~k :. value of beta. To {iecrease beta, wc ran either

ccmsidcr designs with grcator lengths, or ccmsi(ier othm targets with ~hortet

(iecay times.

‘i%crc is, of course, the pwwibiiity of many instabiiitiwi in such a p]i~qri]ii,

‘1’hc most ob~ious mirror Ino(ic, the 10FN+cone in~tid)ility [6], is actuaiiy hoip-

ful in this case Iwcauw it t[’n(is to vjoct thp i)ackgroun(i ions, along with a
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roughly eqmd number of free electrons, and thus reduce the annihilation
rate; the low frequency of this mode means that it is unlikely to have much
effect on the positrons. There may, of course, be instabilities that affect
the positrons directly, but these are likely to be considerably ameliorated by
large Larmor radius and wall effects. It thus seems that plasma effects in
the trap may be manageable, especially if longer traps are considered, but
clearly this must be verified by carrying out experiments.

9.5 Extraction

Controlled extraction of the positrons from the trap is relatively straight-
forward, By applying longitudinal RF accelerating fields at one end of the
trap, we can easily extract the positrons preferentially from that end of the
trap in phase with the RF. (To further favor extraction from one end, we
could easily weaken the magnetic field on that end, ) The depth of the RF
bucket required, about 250 keV for the oxygen decay, is not excessive. By
continuing the magnetic field in a solenoid configuration one could provide
focusing for several cells of RF acceleration until the energy is high enough
to allow AG focusing cells to be used.

4 Further Cooling

In the previous sections we hav Coen that it seems possible to construct a
relatively straightforward ma,] that can put out high currents of positrons
with normalized emittances in the range Cn N 6000- 120007r mm mrad,
Though these emittances might be small enough to accept into a Iinac and
subsequently a damping ring, it would be easier to design tne damping rings
if the emittances were lower by another factor of 5 or so, of course, we
can use electrostatic fields to further confine the positrons in the trap and
obtain even lower ernittances, but it is useful to examine other alternatives
as well, In this section we will show that foil cooling should work and that
the required foils and their heat ioads are reasonable. It is then possible
to consider a scheme in which the positron cooling is done in three stages;
first, radiative cooling in the magnetic trap decreases the emittances by a
factor of 4 or so; then foil cooling in a Iinac decrcascs the cmittamces by
another factor of iihout 5; finally, dmnping rings reduce the emittn,nccs to
the required final values,

Foil cooling for applications in accelerators has INWnpropwwl and stud-
ied b~for~ [7], [8], [9], [10], llridly, the idea iti that a plane foil in th(t Ixmm

14



line causes the particles to lose energy parallel to their trajectories; if the
foil is followed i-mmediately by an ac~elerating gap the particles regain the
lost energy, but only in the direction parallel to the beam axis; thus they
are cooled transversely. If the kinetic energy of the particles is greater than
about three times their rest mass, the particles are cooled longitudinally as
well, tkough for nuclear and particle- physics applications we do not require
longitudinal cooling. Of course, the positrons are also heated by the scat-
tering because tlw .RMS scattering angle with respect to the direction of
propagation is not zero. The minimum ernittance that can be achieved is
thus determined by the balance between these two processes, The perfor-
mance of the foil cooiing system can also be limited by positron annihilation
and by the heat load on the foils. For the examples we consider, wc will see
that annihilation and foil heat load are not major concerns.

For the transverse degrees of freedom the equation for either emittance,
c, assuming thin foils is [9]

dc dE 6
-- ::
h

-–--t++,
dz E

where 6 is the foil thickness, n is the variable nunlbering the cooling cell,
l?! is the beta function at the foil location, and 19mn.is the RMS scattering
angle in the foil.

For positrons with energies between 5 and 10 MeV the predominant
energy loss mechanism M multiple scattering and the energy loss formula is
approximately [1]

where E is the energy of the i)roton, n is the Amriity of the tiug. , Z is
the number of proton8 in the target nuc.lc,us, m is thv elcctmn ream, A-f is
the proton rn,asri,and h < u > i# r.n avmage excit~~tion ( ncrgy of tho target
atoms. AN an ~xamplc, if w{’amume tho }msitrons aro at 5 MoV and tht’
foils arc carlmn, then the parari.etfm art’



and

T = 10.8.

We then find that

1 dE——&
E d%

0.69 cm-’.

A foil of this type that would induce a 5% energy loss would then be about
0.072 cm thick. If the positron current were 100 PA, the heat deposited
would be about 25 W. Cooling such a heat load would be fairly essy. Ig-
noring for the moment the heating, it would take about 46 foils of this type
followed by RF gaps imparting 250 kV each to to the positrons to reduce
the emittances by a factor of 10.

The expression for 0- can also be obtained from reference [1] and is

Balancing the damping against the heating we see that the minimum emit-

tance that can be obtained is

in(*)

As an exuY~ple, if we use the previous parameters, we find

[“tin % 0843p.

At 5 MeV it should Ijv possible design a transport channtd with #j N 0.5
cm at the foil positions so thot the minimum cmittance a.chievabk would t)c
about 2150 n mm mrad, a value small enough to easily accept in a damping
ring. Note that the ~1 function need not be this small in the initial foils;
when the beam is hot the Ma function can ho Iargrr brcauso heating is less

important, ‘l’he brta function at tho foils can b(’ rwturwl M the beam cools
in ordor to continup tho cooling prwxw+

If w(’double tho om’rgy of th(’ positrom to 10 MeV, as~umirtg thv samQ
/)j function, then wo could obtain omittatlm shout ii futor of Iwo loworo
Iioww’r, tlm ho~t Ioml 011tho foils would douhl(’, tho 1{IJ giq)R woIIld havo
t,() Nllpl)ly twico th(’ ar(’l~lrriltiofl , iui(i it w(ml(i I)(I iiar(icr to ariliw(’ ti~is
iow K [)! function, At VVVIIi]ighvr onvrgi(w, i)r(’il]s~tr;kilill]lg wouiti iwgin

I(i



to compete with scattering as the dominant energy loss mechanism and
introduce different scalings. It thus seems that cooling should take place at
about 5 to 10 MeV,

To estimate the annihilation probability, P, we use the cross section from
reference [5] to find that

1
P = 14nZrr~—

(

72+4Y+11n(7+
y-,1 y~-1

where L is the total thickness of foils traversed and r. is the classical electron
radius. Assuming 5-MeV positrons traverse 50 foils each 0.072 cm thick, we
find that the total annihilation probability is about O.14; thus annihilation
is not a problem in this example.

5 Summary

We have presented a scheme that vmuld allow the usc of low energy proton
beams to produce substarltiai fluxes of useful positrons for nuclear and high-
encrgy physics applications, With a better understanding of the magnetic
traps required it might also be possible to produce very hjgh fluxes of cold
positrons for solid-state diagnostics applications,

‘1’he principal uncertainty in our scheme is estimated to be the trap
physics, which primarily affects the overall trap size, However, even with
fairly conscrvativr assumptions on trap performance, it scmns that it should
be possible to dwiign traps with reasonable ovcrai] sizes.
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